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MEASUREMENT OF HEAT TRANSFER IN THE TURBULENT 
BOUNDARY LAYER ON A FLAT PLATE IN SUPER- 
SONIC FLOW AND COMPARISON WITH SKIN- 
FRICTION RESULTS 


By C. C. Pappas 
SUMMARY 


Local heat-transfer rates on the surface ої a heated flat plate at 
zero incidence to an air stream flowing at Mach numbers of 1.69 and 2.27 
are presented. The Reynolds number range for both Mach numbers was 1 
million to 10 million. Surface temperatures were maintained near recov- 
ery temperature. It was found that the variation of heat transfer with 
Mach number was in agreement with previously reported variations of 
directly measured skin friction with Mach number on unheated bodies. The 
variation with Mach number of the average skin-friction coefficient, as 
determined from impact-pressure surveys, was in agreement with that from 
other momentum loss measurements but differed from the variation obtained 
from directly measured skin friction as reported by others. 


INTRODUCTION 


It is difficult, on the basis of available basic heat-transfer data 
pertaining to the turbulent compressible boundary layer, to make valid 
comparisons of heat transfer and skin friction for equivalent flow con- 
ditions. This situation is partially due to the lack of experimental 
information, and &iso to the fact that the correlation of the available 
heat-transfer data оп а length Reynolds number basis requires information 
about the development of the turbulent boundary layer which has not been 
adequately defined in many of the experiments.  Turbulent boundary layers 
may be induced artificially with trips or may occur naturally after ап 
initial laminar and transitional region; and since the process of develop- 
ment of the boundary layer to a fully turbulent character is not ade- 
quately understood, it is necessary to establish that the boundary layer 
is fully turbulent over the test region and then to fix an effective 
Reynolds number with which to characterize the actual flow. This effec- 
tive Reynolds number would then allow correlation of the various heat- 
transfer tests. It is important to obtain sufficient information to 
establish ап effective Reynolds number when tests are made with small 
models. і 
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The heat-transfer data of Eber, reference 1, obtained аб M = 2.87 
on а cone-cylinder model for transitional and turbulent flow, vary 
according to the direction of heat flow. The Nusselt number for the 
fully turbulent flow varies about +25 percent from the mean value, and 
the determination of ап effective Reynolds number is impossible. Тһе 
rocket data presented by Fischer and Norris, reference 2, were obtained 
in flight and exhibit considerable scatter. The results of Slack, ref- 
erence 3, Fallis, reference 4, and Monaghan and Cooke, references 5 and 
6, are discussed in greater detail in & later portion of this report, 
but the hesat-transfer data are considered briefly here. Slack presents 
only two values of local heat transfer with &ccompanying local boundary- 
layer surveys. Ап effective Reynolds number cannot be obtained from 
Fallis' report to enable the correlation of the local heat-transfer 
results. The average heat-transfer coefficients, as obtained by Monaghan 
and Cooke, are over an area where the flow is laminar, transitional, and 
turbulent in character. It may be concluded that these data аге insuf- 
ficient to adequately define the heat transfer over ап extended super- 
sonic range. 


It is the purpose of this report to present some local heat-transfer 
data, obtained with a turbulent boundary layer on a heated flat plate at 
zero incidence to the air stream, for Reynolds numbers of 1 million to 
10 million and Mach numbers of 1.69 and 2.27. ‘Temperature recovery 
factors and average skin-friction coefficients are also presented for 
these flow conditions. As a final result in this report, comparison is 
made between the variation of heat transfer with Mach number and the 
variation of skin friction with Mach number to determine whether or not 
the ratio of heat transfer to skin friction is essentially unaffected by 
Mach number as is predicted by Rubesin, reference 7. The data of ref- 
erences 3, 4, 5, and 6 are also used in making this comparison. 


NOTATION 
1 (х 
Ср average skin-friction coefficient, = Р сғӣх 
ст local skin-friction coefficient, досад өнері 
1 2 
5 Річі 
ср specific heat of air at constant pressure 
5* 
H boundary-layer form parameter, а 
h local heat-transfer coefficient, ee 
w 7 +r 


k thermal conductivity of air 
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Rg 


5% 


ау 


Mach number 


pressure 


Prandtl number, =p 


local heat-transfer rate per unit area 


Ty - Ty 
recovery factor, 
о 7 Ті 


Reynolds number based on effective distance along plate 


Reynolds number based on momentum thickness of boundary layer 


-——— 
ріЧіср 


Stanton number, 
absolute temperature 

аіг velocity 

effective distance along plate 

actual distance along plate from leading edge 


Gistance normal to plate surface 


boundary-layer thickness 


displacement thickness of boundary layer, С E =) ay 


momentum thickness of boundary layer, [ 5 XT ( - З \ау 
101 


viscosity of air 


density of air 
Subscripts 


incompressible 
average value 
stagnation value 


condition at surface for zero heat transfer 
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м condition at surface 


Yo. local free-stream condition &t outer edge of the boundary layer 


DESCRIPTION OF EQUIPMENT 


Wind Tunnel 


The Ames 6-inch heat-transfer wind tunnel, which is described in 
reference 8, was used in this series of tests. Тһе test section had 
been modified to the half-nozzle configuration as shown in figure 1(а). 


Flat-Plate Model 


In order to extend the testing region on the flat plate, the model 
was mounted on the floor of the wind tunnel with the leading edge 7/32 
inch above the surface of the straight nozzle block. This particular 
location was found to be optimum for steady flow &t the two test Mach 
numbers. The air which flowed under the leading edge was bypassed around 
the test section through ducting back into the wind tunnel &t the super- 
sonic diffuser. Various boundary-layer trips were used to induce а tur- 
bulent boundary layer over the test area of the plate. А typical trip 
consisted of а strip of h/o garnet paper, 1/2 inch wide by approximately 
0.006 inch thick (most of the paper backing had been removed) cemented 
to the steel plate 1/2 inch back from the leading edge. For each of the 
lowest Reynolds number runs at the two Mach numbers no trip was used. The 
spill-over from the turbulent boundary layer, which existed along the 
lower nozzle block, was sufficient to induce a turbulent boundary layer 
on the plate surface. 


The flat-plate model spanned the test section and was 5-1/2 inches 
wide and 16 inches long. The plate heaters were made of Advance wire, 
which was cemented into grooves milled in the top surface of а l-inch- 
thick Transite block. The Transite block was cemented to the underside 
of the steel plate to eliminate any air gaps between the heaters and the 
Steel plate. Twelve heaters were located at l-inch intervals along the 
plate. The first heater was 2 inches back from the leading edge. The 
power input to each heater was controlled by a variable-voltage trans- 
former. А constant-voltage transformer was provided ahead of the heater 
controls to insure a uniform power source. 


Temperature instrumentation consisted of iron-constantan thermo- 
couples soldered in grooves in the steel plate and cemented in the 
Transite section beneath the plate. А typical cross section А - А, 
(fig. 1(b)) representative of the l-inch stations along the plate, shows 
the various positions &t which the temperature could be determined by 
either direct measurement or by interpolation between measured values. 
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The location of the thermocouples also provided & measurement of the heat 
flow sideward in the steel plate and downward through the Transite block. 
Thermocouples were installed at l-inch intervals along the center line 

in the steel and at 2-inch intervals along the center line in the 
Transite. The thermocouples that were installed 2 inches off the center 
line in the steel plate and Transite block were positioned at 2-inch and 
li -inch intervals, respectively. No air gaps were allowed between the 
thermocouples and the surrounding material. 


Twelve static-pressure orifices, 0.0135 inch in diameter, were 
located at l-inch intervals, 1/2 inch off the center line, starting at 
2 inches from the plate leading edge. 


An impact-pressure survey apparatus was mounted above and downstream 
of the flat-plate model so that the impact-pressure surveys could be made 
at the desired test positions. The impact-pressure probe was constructed 
of flattened hypodermic tubing and had a rectangular opening 0.080 inch 
by 0.009 inch outside dimensions and 0.075 inch by 0.004 inch inside 
dimensions. The height of the center line of the probe opening above 
the plate surface was measured optically. 


TEST CONDITIONS AND PROCEDURE 


The heat-transfer tests were conducted at average Mach numbers of 
1.69 and 2.27 over the range of effective Reynolds numbers from 1 million 
to 10 million, and at surface temperatures not more than 109 F above 
recovery temperature. The test conditions are listed in more detail in 
table I. Two separate measurements of the local heat transfer and of 
the recovery temperature were made at each condition corresponding to a 
test number. For the same test conditions as the heat-transfer runs, 
Several impact-pressure surveys of the boundary layer were made in the 
region of х! = 3 to 11. inches. From these surveys were determined the 
momentum thickness, the effective starting length of the turbulent 
boundary layer, and the average skin-friction coefficients. This, in 
brief, is the general procedure followed in this series of tests, but a 
more detailed account would provide а clearer understanding of the 
uncertainties in the measurements and results of this experiment and, 
therefore, is included here. 


Initially, for any test run, steady-state conditions of stagnation 
temperature and pressure were established in the wind tunnel. Stagnation 
temperature was controllable to 21/20 F of the set value which was always 
within 29 F of 1189.F. Тһе measured variation during the period in which 
data were recorded was usually +1/h° F. The average reading of 20 
thermocouples was used to determine the stagnation temperature. The 
stagnation pressure was maintained to within an average of £0.29 percent 
of the desired set value for all runs. Most of this variation was between 
runs of different days rather than within an individual run. 
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The free-stream Mach number distribution along the plate was obtained 
for all the heat-transfer and recovery-temperature runs from the impact 
and local static pressures. The uncertainty of the free-stream Mach 
number is estimated to be +0.005, based on the measurement accuracy of 
the impact and static pressures. The local Mach number in the free 
stream was used in the reduction of the data and in the determination of 
the deviations from true flat-plate flow. Typical Mach number distri- 
butions are shown in figure 2. The variation in Mach number was between 
1 and 2 percent of the mean Mach number for all runs. It should be noted 
here that the symbols used to represent the present data in figure 2 and 
in all subsequent figures, where no notation is given, correspond to 
those presented in table I. 


Heat-Transfer Tests 


An effort was made to realize а constant surface temperature along 
the test region for the heat-transfer runs. Typical plate temperatures 
are shown in figure 3. This constant temperature ideal was never 
attained in the region of x' = О to x' = } inches, because the nearest 
heater to the leading edge of the plate was located 2 inches back. The 
plate temperature was maintained constant to £0.39 F for x' positions 
of from 4 to 12 inches, inclusive. The heat-transfer data that are 
presented in this report are from the region of from x' = h to 11 inches, 
inclusive, because in this region the effects of heat conduction within 
the model are minimized in the axial х! direction. It was not suffi- 
cient to set a constant plate surface temperature initially, without 
assuring that the model temperatures within the Transite block had 
reached a steady value. Steady-state temperatures were established 
within the model before recording the experimental heat-transfer data. 
An automatic balancing potentiometer with a least count equivalent to 
0.067° F was used to measure the emf from the 48 model thermocouples. 


The heat input to the heaters was determined from resistance 
measurements of the Advance wire heaters and from current measurements. 
These heat inputs were checked with a laboratory type wattmeter. The 
agreement was within 1.5 percent in the range of power inputs used in 
these tests. This agreement was considered adequate in view of the fact 
that the experimental scatter evidenced in the heat-transfer results 
would completely mask this 1.5-percent power input uncertainty. 


Recovery-Temperature Tests 


An accurate determination of the recovery temperature is desired 
when evaluating the local heat-transfer coefficient, especially when 
the heated-plate-surface temperatures are near to recovery temperature. 
Two recovery-temperature determinations were made corresponding to each 
of the test conditions of the heat-transfer runs but with no power to 
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the heaters. Temperature time histories were used to determine steady- 
state conditions within the model. А11 48 model temperatures were 
recorded in these runs so that the effects of heat conduction on the 
Surface recovery temperature could be evaluated. The &verage difference 
between corresponding surface recovery temperatures from tbe two runs 
was 0.40 Е and the maximum variation between апу two temperatures was 
1.4° F. Тһе mean local recovery temperature from the two runs was used 
in the effective temperature potential for local heat-transfer calcula- 
tions. It should be noted that the heated-plate temperatures and the 
recovery temperatures were adjusted to correspond to a common stagnation 
temperature when determining this temperature potential. 


Skin-Friction Tests 


For each heat-transfer setting, four or five Mach number surveys 
were made through the boundary layer at 2-inch intervals along the plate 
in the region from x' = 3 inches to 11 inches. Тһе у distance of the 
center line of the probe face opening above the plate was determined 
optically with а cathetometer and a dial gage. Measurements of local 
static and impact pressures were made for each y position to determine 
the Mach number. Тһе діа) gage used for determining the у position 
of the probe had a least count of 0.0001 inch. It is estimated that the 
probe position when off the plate surface could be set to an accuracy of 
+0.0005 inch for the low pressure runs and %0.001 inch for the high 
pressure runs. Noticeable fluctuations of the impact pressure were 
evident within the boundary layer, but disappeared at the free stream 
and solid boundaries. These fluctuations were mechanically damped out 
of the manometer system when the impact pressure was read. 


Mach number surveys of the boundary layer existing on the lower 
nozzle block were made just ahead of the flat-plate model for the two 
low Reynolds number runs. The outer 20 percent of the boundary-layer 
thickness did not bypass beneath the plate leading edge. For all cases, 
the thickness of the first-measured flat-plate boundary layer was greater 
than the thickness of the portion of boundary layer which spilled over 
from the lower nozzle block. No appreciable error should be introduced 
in the determination of the average skin-friction coefficient from this 
slight spill-over of nozzle-block boundary layer. 


REDUCTION AND EVALUATION OF DATA 
Momentum Thickness and Effective Starting Length 
The momentum thickness when expressed in terms of free-stream Mach 


number and static temperature, and local static temperature, T, and Mach 
number, M, in the boundary layer is 
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1 [ | (т 
0 = — MM: Ak 
M? s DX т 


The well-known Сгоссо relations for the boundary layer, which аге based 
on the assumption that Prandtl number is unity, provide an explicit 
relation for the static temperature in terms of the known quantities 
Тұ» Ті, М, and Мі. It was, therefore, possible to integrate the above 
expression for the momentum thickness numerically using Simpson's rule. 
The displacement thickness, 5” , was obtained in the same way. Since 
there was a variation in the thickness, roughness, and width of the 
boundary-layer trips used, it was not possible to correlate the skin- 
friction ала heat-transfer data on the basis of Reynolds number using 
the actual distance along the plate. Тһе various turbulent-boundary- 
layer theories (ref. 9) show that the momentum-thickness variation with 
x' distance is represented by the expression д = Ax'! where n varies 
between 0.80 and 0.83. The experimental values of log Ө were plotted 
against log х! for each heat-transfer run. The х! distance corre- 
sponding to each measured momentum thickness was then shifted а constant 
amount such that n assumed the value 0.818, which is an average value 
from the available theories. The amount of shift is designated as the 
effective starting length, and the new position is called the effective 
length, x, of the turbulent boundary-layer run. The value of x/x' 
varies from 0.807 to 1.012 for the М = 1.69 tests, and from 0.627 to 
0.989 for the Мі = 2.27 tests. The Reynolds number, Ry, based on this 
effective length and local free-stream properties was used to correlate 
both the average skin friction and local heat transfer. The average 
change in R, for n changing from 0.80 to 0.83 is between 2 and 3 
percent. 


1/2 


-эё | ау 


Average Skin-Friction Coefficient 


The average skin-friction coefficient, Ср = 20/x, was determined 
from the calculated Ө and effective length x. Ап estimate of the 
effect of the free-stream Mach number distribution on the skin-friction 
coefficient was made using the von a momentum equation 


x (вно) Ө = Тын) ЛИЙ 
ср = 26. 2 | йт г Jod 
x Хх; Н 2 Г хі Ру ах 


The local values of Н, Ө, and Mj were known and it was possible to 
integrate the equation numerically from the point of the initial boundary- 
layer survey, хі, to any point in question, x. By utilizing the method 

of effective starting length to determine the theoretical 0 vs. x 
variation, the flow ahead of the initial boundary-layer survey is 


р 
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considered ав flat-plate flow, regardless of its actual form. The average 
Skin-friction coefficient as determined from the momentum equation, con- 
sidering measured pressure gradients along the plate, was found to be 
from 1.2 percent higher to 1.9 percent lower than the flat-plate value 
for M, = 1.69 апа from 3.1 percent higher to 2.! percent lower than 

the flat-plate value for the Му = 2.27 tests. 


Recovery Factor 


The temperature recovery factor мав calculated from the equation 


гата (15022) "NES 
To 0.2 M? 0.2 M3? 


using the local values of Т, and Mj; along the center line of the plate. 
Тһе maximum uncertainty in the recovery factor due only to the estimated 
uncertainty in measurement of Ты, То, and М; is 0.0078 and 0.0060 for 
the Mach numbers 1.69 and 2.27, respectively. Тһе average uncertainty 
is less than one-half these values. 


Heat Transfer 


The local heat-transfer coefficient was obtained from the measured 
heat rate to the heater (corrected for sidewise and downward conduction 
losses) and the temperature potential based on plate-surface temperature 
and the measured recovery temperature. The heat flow downward through 
the Transite block was determined from measurement of two temperatures 
across the 3/4 inch of known thermal resistance. The downward heat flow 
was approximately 5 percent of the heater input. The sideward heat flow 
through the steel plate was accounted for by solving the differential 
equation describing the heat flow with the appropriate experimental 
boundary conditions and by assuming that the downward heat flow was 
constant across the center inch. Since the thermocouples were installed 
a finite distance from the top of the plate surface, corrections were 
made to the measured temperatures to give the actual surface temperature. 
The sideward heat flow and the plate temperature corrections were com- 
pensating. The average over-all corrections on the heat-transfer 
coefficient were a reduction of 2 and їн percent for M, = 1.69 and 
М; = 2.27 tests, respectively. 


When experiments are conducted with relatively small models, it 
should be established that the boundary layer is fully turbulent along 
the test region. Two methods were used in this series of tests. One 
was to compare all the boundary-layer profiles for similarity and type 
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(i.e., whether laminar, transitional, or turbulent) аб each Mach number 
by plotting м/м ув. y/e, as is shown for a typical case in figure }. 
Another indication of the similarity and type of boundary~layer profiles 
may be obtained from a comparison of the boundary-layer form parameter 
H= 8*/o for all the surveys at each Mach number, as is presented in 
figure 5. The result from these considerations was to judge all the 
boundary-layer profiles within the test region to be fully turbulent in 
nature and similar in form, except one obtained at x' = 3 inches. As 
& consequence, the skin-friction and heat-transfer data in the region 
associated with this one boundary-layer survey were omitted from the 
report. 


It should be noted that all the properties of air used in the 
dimensionless groups representing the data in this report are based on 
the local free-stream conditions existing at the outer edge of the 
boundary layer. 


RESULTS AND DISCUSSION 


Inasmuch as the skin-friction and recovery-factor data are basic to 
& consideration of the heat-transfer characteristics, they will be dis- 
cussed prior to the main results of this test. 


Skin-Friction Results 


The average skin-friction coefficients, Ср/2 = ө/х, plotted ав а 
function of Б, are shown in figures 6(a) and 6(b) for Мі = 1.69 and 
Му = 2.27 and аге compared with the incompressible Karman-Schoenherr 
(ref. 10) empirical skin-friction equation. Each set of symbols corre- 
sponds to a different heat-transfer-run condition. The figures are 
presented in this manner to show also the variation in Ср within 
individual runs. More scatter is evident in the experimental Св/2 
for the M, = 1.69 data than ‘for the M, = 2.27 tests. Except for two 
values, the M; = 1.69 data are within +6 percent of the mean curve. А11 
of the M, = 2.27 data аге within £! percent of the mean curve. Тһе 
experimental value of the slope of the Ср vs. Ry curves for both Mach 
numbers is in good agreement with that of tbe incompressible curve. 


Recovery-Factor Results 


The calculated recovery factors that are presented as & function of 
Ry in figures Т(а) and T(b) exhibit a decrease in value with increasing 
Reynolds number, &lthough not quite to the extent shown by the flat- 
plate data of reference 8. Тһе curve from reference 8 represents only 
the data obtained for tripped boundary layers over a Reynolds number range 
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from 1 million to 6 million. Тһе mean values of the present data agree 
to within 0.006 of the results from reference 8, but the x value used 
in the Reynolds number of reference 8 is the actual distance from the 
leading edge rather than the effective x distance used here. Use of 
the effective x value in reference 8 would tend to increase Reynolds 
number by а small amount апа give slightly better agreement. 


The commonly used expression for the recovery factor for the tur- 
bulent boundary layer, г = Ргу1/3 with physical properties evaluated at 
the recovery temperature, agrees with experiment for Ry% 6x108 for 
both test Mach numbers. With the Prandtl number evaluated at free- 
stream temperature, г = Pr,1/3 predicts values which are higher than any 
of the experimental results. 


Originally, the arithmetic mean value of the recovery factor at 
each Mach number was to have been used to calculate the temperature 
potential in the determination of the local heat-transfer coefficient. 
However, as noted previously, when the local recovery factor was plotted 
ав a function of Ry, a decrease in г was noted as Ry increased. 
Maximum discrepancies between runs were also noted in r which would 
account for recovery temperature differences of 1.40 F and 1.80 F for 
M = 1.69 and 2.27, respectively. Also, the variation of recovery factor 
along the plate differed for the lowest and highest Reynolds number rung, 
which could not be accounted for by considering axial or sidewise heat 
conduction within the steel plate and Transite block. It was decided, 
therefore, to use the local recovery temperatures which were actually 
measured at corresponding test conditions of the individual heat- 
transfer runs. 


Heat-Transfer Results 


The basic heat-transfer results of this experiment expressed in 
terms of local Stanton number ав a function of Reynolds number (based 
on the effective length of the boundary-layer run) аге shown in figures 
8(а) and 8(b) for the Mach numbers 1.69 and 2.27, respectively. 


In figure 8(a), the low-speed data of reference 11 are included as 
& basis for comparison. Although these low-speed data were obtained on 
plates having stepwise discontinuous surface temperatures, they were 
converted to those on an equivalent plate with constant surface tem- 
peratures ру the theory of reference 12. It is observed that the data 
are in good agreement with the well-known Colburn equation in the Ry 
range of 10? to 109. Since all the supersonic data obtained in this 
present experiment were within the Reynolds number range of 1 million to 
10 million, it was necessary to extrapolate the experimental subsonic 
results to the higher Reynolds number range to allow a direct comparison. 


One method of extrapolation was to use the Colburn equation, which 
results from the use of the 1/T-power-law skin-friction-coefficient 
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equation апа а modification of the Reynolds analogy, namely 

St/(cg/2) = Pr-2/3, Another method for comparison is to convert the 
local skin-friction coefficient, as obtained from the Kármán-Schoenherr 
equation in the Ку range of 1 million to 10 million, to local Stanton 
numbers by means of some modification of the Reynolds analogy such ав 
used by Colburn or as is presented in reference 7 by Rubesin. Іп 
figure 8(a), it is seen that the agreement between all the alternative 
methods is fairly good, there being only &bout а Т-регсепі difference 
in the extreme values of the possible choices. It is thus reasonable 
to assume that the Му = О case is fairly well defined in the Ry, range 
of 1 million to 10 million. 


In figure 8(а), it is noted that the data obtained in this experi- 
ment аб М = 1.69 and at temperature potentials of about 700 Р are 
decidedly lower than the extrapolated curves for the М; = O саве. А 
line drawn through the mean of the supersonic data is essentially 
parallel to the Colburn line and represents the data to a mean error of 
about 5 percent.+ This mean line shows a reduction from the М = 0 
case (Colburn line) of about 22 percent. Similarly in figure 8(b), the 
mean line through the data obtained at Мі = 2.27 and at temperature 
potentials of less than 709 F is essentially parallel to the Colburn 
line and represents the data to a mean error of 5 percent. This mean 
line for the саве of М.і = 2.27 is about 33 percent lower than the 
extrapolated Мі = О case. It was previously noted (see fig. 3) that 
the plate temperature increased with х! distance over the first 3 or 
У inches. The effect of this positive surface-temperature gradient, 

dm, / dx > 0, ів to increase the heat-transfer coefficient over that of 

the constant-surface-temperature cage. It is difficult to evaluate even 
the order of magnitude of this effect, say from reference 12, since the 
character of flow cannot be accurately defined over the region of x' = 0 
to х! = 3 inches because of the location of the boundary-layer trips апа 
the slight spill-over from the lower nozzle block. 


The variation of local Stanton number with momentum-thickness 
Reynolds number Rg is presented in figures 9(а) and 9(b) for Mach 
numbers of 1.69 and 2.27, respectively, ав an added result of these 
tests. The correlation is as good ав that presented on an Ry basis 
and is considered more basic because of its dependence on the local 
characteristics of the boundary layer. Comparison is made with the 
Van Driest skin-friction theory (ref. 13) combined with the Rubesin 
analogy (ref. T). Тһе combined theories give results which аге 10.3 
and 14.4 percent higher than the measured values for the Mach numbers 
of 1.69 and 2.27, respectively. This difference is primarily а result 
of the high skin friction predicted by the Van Driest theory ав com- 
pared with previous and present experimental values. 


1 E 
Mean error - nd (Stmeag - Stay curve)” 
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Comparison of Skin-Friction and Heat-Transfer 
Variation with Mach Number 


In figure 10, there are shown data taken from reference 14 which 
indicate the variation of the local or average skin-friction coefficient 
with Mach number on unheated bodies. The ordinate has been normalized 
by dividing the skin-friction coefficient by the incompressible value 
at the corresponding length Reynolds number at which the data were 
obtained. The curve indicates the variation of skin friction obtained 
from direct force measurements (filled in symbols) of Coles, Liepmann 
and Dhawan, and Chapman and Kester. It should be noted that the average 
Skin-friction measurements (open symbols) of Wilson; Rubesin, Maydew, 
and Varga; Brinich and Diaconis; and the present results made with 
boundary-layer impact-pressure probes are consistently higher than the 
force measurements. Further experimental work is required to explain 
these differences; however, at the present time it is believed that the 
direct force measurements are the more reliable (see ref. 11) and will 
be used as a basis for comparison with the heat-transfer results. 


In order to properly evaluate all the heat-transfer results ав 
presented in figure 10, & close examination of the test conditions is 
required. Slack presents only two values ої local heat transfer with 
accompanying boundary-layer surveys obtained on a cooled plate. Since 
the method of reference 9 was not applicable in this case for determining 
the effective starting length, the Ry for the corresponding measured 
Rg was obtained from the Van Driest theory, and the incompressible 
Stanton number was obtained for this Ry. The average of the two heat- 
transfer results, St/Sty = 0.730 and 0.759, is plotted in figure 10. 
(Corresponding test conditions were 1,/T, = 2.00 and T,/T, = 2.04.) 


Fallis has measured local heat transfer on & flat plate at near the 
recovery temperature. Only two of the results can be considered in the 
turbulent region of flow. These values were obtained at x' positions 
of 7.75 and 8.75 inches. Preceding these positions was a region of 
laminar flow up to x! = 1-1/2 inches and a transitional region from 
x! = 1-1/2 to 6-3/4 inches. For the x! = 8.75-inch position, there is 
good agreement of St/St4 with the skin-friction results ав shown in 
figure 10. This agreement is seemingly fortuitous, since the heat- 
transfer correlation is based on Ry: where x' is measured from the 
leading edge of the plate. Тһе 55/55: result for x' = 7.75 inches is 
10.4 percent higher. Normally, it is to be expected that the greater the 
x' value the better agreement with the fully turbulent results, but 
here, even at the x' з 8.75-ineh position, 75 percent of the area 
preceding the test point is either & laminar or transitional region. 


The average heat-transfer data of Monaghan and Cooke were obtained 
at Mach numbers of 2.43 and 2.82 on a heated plate at surface temperatures 
well above the recovery values. The two results shown in figure 10 are 
the extrapolated values of Stay/(Stay), corresponding to the zero heat- 
transfer surface temperatures. Both agree well with the directly 
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measured skin-friction variation. The average Stanton numbers were 
measured over a heated length of 13.4 inches for both Mach numbers. For 
the Мі = 2.43 test, the flow was fully turbulent in the region of 

x' > 1.8 inches for the case with maximum heat transfer and х' > h.h 
inches for the zero heat-transfer case. For the Мі = 2.82 tests, fully 
turbulent flow was established in the region of x' > 4.1 inches at an 
intermediate heat-transfer rate and х! > 7 inches for the adiabatic 
case. The position where the fully established turbulent boundary layer 
begins is not given for the maximum heat-iransfer rate, but an estimate 
of х! = 2.5 inches would be approximately correct. Essentially then, 
the average heat-transfer coefficient is not a true turbulent result but 
corresponds to flow conditions which are partly laminar, transitional, 
and turbulent. The excellent agreement of the Stay/(Stgy), variation with 
the skin-friction variation would seem to be fortuitous. | 


Since the surface temperatures used in the present experiment were 
near the recovery temperature, the variation of Stanton number should 
depend largely on Mach number &lone, thus &llowing & direct comparison 
with the skin-friction data. The two values of St/St4, Shown in figure 
10, were defined from the average line drawn through the experimental 
data of figures 8(a) ала 8(b) and the incompressible Colburn equation, 
and are essentially independent of Reynolds number over the limited 
Rx range of these tests. 


It can be concluded from the agreement of the variation of Stanton 
number with Mach number, obtained at near recovery temperature, and the 
variation of directly measured skin-friction coefficient with Mach number 
on unheated bodies that the ratio of Stanton number to skin-friction 
coefficient is essentially constant in the range of Mach numbers from 
O to 2.3. This agrees with the predictions of reference T. 


CONCLUDING REMARKS 


The local boundary-layer characteristics Ө vs. x, and Rg, may 
be used directly to correlate the local heat-transfer data (or local 
skin-friction, if available) or may be used to define an effective 
Reynolds number, Ry, with which to correlate both local and average heat- 
transfer and skin-friction results. 


The variation with Mach number of the average skin-friction 
coefficient, Cp/Cp,» as determined from boundary-layer surveys is in 


agreement with that from other momentum loss measurements but is 
different from that from directly measured skin friction. 


The temperature recovery factor was found to be in good agreement 
with other flat-plate results over the Reynolds number range of these 
tests. The recovery factor decreased slightly with increasing Reynolds 
number, and its mean value may be represented by r = Pry'/8, with the 
properties evaluated at recovery temperature. 
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Based оп the local heat-transfer results of this experiment, 
obtained at near recovery temperature, and from Scesa's (M x 0) data, 
the variation of the Stanton number, St/St4, with Мась number is in 
agreement with the variation of the directly measured skin friction, 
Ср/Ср, ог ce/ce,; on unheated bodies over the Mach number range of 


O < № < 2.3. 


Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Moffett Field, Calif., May 6, 195% 
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Test No. [Symbol 


LT 


TABLE I.- TEST CONDITIONS 


Мі = 1.69, To= 118° Р 


R,/ft 
Boundary-layer trip End 


None 


Durite 320 
0.50 in. back from x! = 0 
0.75 in. wide by 0.01 in. thick 


Norton 500 A 


0.5 in. back 
0.5 in..wide by 0.01 in. thick 


Norton 500 А 
0.5 in. back 
0.5 in. wide by 0.01 in. thick 


Му = 2.27, To = 118° Р 


со 
MI 


4/0 garnet 
0.5 in. back 
0.5 in. wide by 0.006 in. thick 


i 


1 
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Flat-plate model 


(а) Test section. 


Heater 


Steel plate Transite block 


Air space 


(b) Cross section А-А of flat-plate model. 


Figure 1.- Sketch of test section апа model. 
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-plate model. 


Typical Mach number distributions along the flat 


Figure 2.- 
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Distance along plate x', inches ҚАЗ» 


Figure 3.- Typical temperature distributions &long flat-plate model. 
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Figure 4.- Typical boundary-layer distributions showing similarity of profiles. 
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Figure 5.- Variation of boundary-layer form parameter, H = 5/6 ; With Reynolds number, Ry. 
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Figure 6.- Average skin-friction coefficient on flat plate. 
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Figure 6.- Concluded. 
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Figure Т.- Recovery factor in the turbulent boundary layer. 
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Figure 7.- Concluded. 
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Figure 8.- Variation of local Stanton number with Reynolds number. 
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Figure 8.- Concluded. 


cock NL VOVN 


6c 


0060 Е===== 

оо40Ё 7777 Van Driest skin friction and Rubesin Analogy ў 
is ———— Present data 
2 
5 
a 
E : 
с 00205 
с = 
= E 
c ЕН 
9 FH 
o EH 

HH 

5 0010 
o 
о 
-1 


|05 2 4 6 8104 
Reynolds number, Rg “Аа” 


(в) Mach number 1.69, Ty/T, = 1.65. 


Figure 9.- Variation of local Stanton number with Reynolds number based on momentum thickness. 
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Figure 9.- Concluded. 
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Figure 10.- Comparison of skin-friction and heat-transfer variation with Mach number. 
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